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Microhole drilling and microstructure machining with a 
picosecond (ps) Nd:YVO4 laser (pulse duration of 10 ps) in 
metals, alloys and ceramics are reported. Blind and through 
microholes were drilled by percussion drilling as well as 
trepanning drilling. The diameters of the holes were in the 
range from 20 µm to 1000 µm. Microfeatures were machined 
and the flexibility of ps laser machining was demonstrated. The 
quality of drilled holes, e.g., recast layer, microcrack and 
conicity, and that of the microstructures, were investigated by 
optical microscope, surface profilometer, or scanning electron 
microscope (SEM). Ps laser ablation rate was investigated by 
experiments as well as a simplified laser ablation model. 
 
INTRODUCTION 
Laser machining has been proven to be a versatile and 
reliable technology in manufacturing for many years [1]. As the 
demand of microfeatures grows in recent years, lasers with 
short pulses (nanosecond (ns), ps, and femtosecond (fs)) have 
become the popular means of micromachining due to many 
advantages, such as high flexibility and very small heat-
affected zones (HAZ), since the short pulse duration results in 
high peak power intensities and the material is removed by 
vaporization, instead of melting as in long-pulse or continuous 
laser material processing [2]. 
Ns lasers usually provide higher energy but lower 
repetition rate, and generate more thermal damages than ps and 
fs lasers [3]. Recent studies [4-9] have been devoted to fs laser 
ablation, showing fs laser pulses have the capability of high 
quality micromachining with minimal thermal damage. 
However, fs lasers not only require demanding maintenance 
and complicated optical devices, but also generate great 
scattering effects that deteriorate metal ablation [3]. Moreover, 
it is pointed out that below 10 ps a further reduction of pulse 
duration has no significant effect on material thermal behavior, rom: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Usat least for metals. With all these considerations, a pulse 
duration near 5 to 10 ps is regarded to be optimal [3]. 
Although ps laser machining has been investigated by 
many researchers [2,3,10,11], this study extensively 
demonstrates the capability of ps laser ablation on various 
kinds of materials using different process strategies. It is 
proposed [11] that ps laser drilling is relatively unstable and 
inaccurate compared to fs laser drilling, however, in this study, 
precision ps laser ablation is achieved by an appropriate laser 
parameter setup, such as the optimal pulse duration (10 ps), 
moderate average power (around 1 W), and high repetition rate 
(10~250 kHz), which lead to low fluence (1~3 J/cm2) and high 
power density (100~300 GW/cm2). 
Therefore, a 10-ps, 2-W laser system is utilized to perform 
micromachining of steel, titanium alloy (Ti-6Al-4V), silicon 
nitride (Si3N4) and silicon carbide ceramic matrix composites 
(SiC/SiC CMC). The ability to drill blind/through holes and 
scribe microfeatures in those materials is of great interest and 
importance because they have a wide application range in the 
semiconductor, automotive, medical and electronics industries, 
but machining of these materials is extremely laborious and 
time-consuming by conventional methods [1,12,13]. Percussion 
drilling, trepanning drilling, and microstructure machining are 
discussed, while the ablation rate of metals is studied by 
experimental results as well as a simplified laser ablation model 
[14] in the next two sections, respectively. 
MICROHOLE DRILLING AND MICROSTRUCTURE 
MACHINING 
Experimental setup 
The ps laser system used in this study consists of a ps 
Lumera laser (RAPID), a high-precision three-axis Aerotech 
positioning system (ATS125), and a high-speed ScanLab 
scanner (hurrySCAN 10), as shown in Fig. 1. This ps laser has 
an average power of 2 W, a pulse width of 10 ps, and repetition 1 Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Downlorates in the range from 10 kHz to 500 kHz. The pulse energy 
can go up to 30 µJ and the peak power is up to 3 MW. The 
fundamental wavelength (1064 nm) and the second harmonic 
wavelength (532 nm) are utilized to perform laser processing. 
For drilling of holes below 50-µm diameter, a fixed-beam 
percussion technique is used with the laser wavelength at either 
532 nm or 1064 nm. For drilling larger holes or machining 
complex microstructures, a trepanning system is utilized at 
1064 nm. The beam is guided through a quarter-wave plate to 
ensure circular polarization of the beam on the target, and then 
through a beam expander, which is used to increase the 
diameter of the original beam and decrease the diameter of the 
focal spot. After that, the scanner is utilized to position the laser 
beam accurately and speedily over the target.   
 
 
Fig. 1. Schematic of the experimental setup of the ps laser 
micromachining system: A. ps Lumera laser, B. quarter-wave 
plate, C. beam expander, D. mirror, E. Scanlab scanner, F. 
fixture and workpiece, G. Aerotech three-axis positioning 
system, H. lens, I. manual stage.  
 
The three-axis positioning system, whose vertical 
resolution is down to 10 nm, is commensurate with the 
capabilities of the laser and the scanner. It provides vertical (z) 
movement of the workpiece during trepanning so that the focal 
spot is maintained at the prescribed position as ablation 
progresses as well as horizontal plane (xy) movement for 
machining of a larger part. The machining process is controlled 
by a PC, where the laser, the positioning system, and the 
scanner are operated simultaneously, as shown in Fig. 2. Both 
of the NDrive card and the RTC4 board are installed in the PC, 
which are used to control the positioning system and the 
scanner, respectively. The NDrive card sends commands to the 
RTC4 board, and meanwhile the gate input of the laser shutter 
is connected to the output of the RTC4 board. 
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Fig. 2. Schematic of the laser control system. 
Percussion Drilling  
Percussion drilling was performed with the laser 
wavelength of 532 nm, under the repetition rate of 250 kHz, 
and at the average power of 1.0 W. Steel, Si3N4, and SiC/SiC 
were investigated in this study, and the results are shown in 








Fig. 3. Sidewall profiles. (a), (b) the hole drilled on steel; (c), 
(d) the hole drilled on Si3N4.  
 
The quality of the hole was examined by utilizing an 
optical surface profilometer (ADE MicroXAM). Fig. 3 shows 
the sidewall profiles of the holes drilled in steel and Si3N4. 2 Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
DownLittle thermal damaged zone and no evidence of microcrack 
were found, and the sidewall profiles were quite smooth. 
SiC/SiC is the material of interest for applications of 
engine combustor and exhaust nozzles and is expected to 
operate in a temperature range from 1302 °C to 1649 °C 
without cooling [15]. The established methods to machine this 
material are very few, limited largely to diamond grinding, 
which however is time-consuming and will induce damages 
during machining [16]. Ps laser machining is a promising 
technique for micromachining of this material. Fig. 4 shows 
two holes drilled on SiC/SiC composites with different laser 
parameters. Some portions of the images are blurry, resulted 
from the high surface roughness of the material and the shallow 
depth of focus of the optical microscope. Despite this, the holes 
drilled were circular, and there was no resolidification layer 





Fig. 4. Holes drilled on SiC/SiC. (a) Repetition rate: 10 kHz, 
average power: 0.15 W, diameter: 30 µm; (b) repetition rate: 25 
kHz, average power: 0.35 W, diameter: 31 µm.  
Trepanning drilling 
As mentioned before, trepanning drilling is applied to 
holes of relatively large diameters. The laser beam is directed 
by two successive mirrors inside the scanner and can follow 
any trajectories coordinated by two axes in a plane. It is 
possible to use conventional motion stages to move the 
workpiece relative to laser beam, but it will not be as fast as 
and as accurate as the scanner with the laser operating at a high 
repetition rate, such as 500 kHz. The step response time of the 
scanner is less than 1 ms, and the typical marking speed is 
about 1 m/s. 
The laser shutter and galvanometer scanners are both 
controlled by the same software through the RTC4 board as 
shown in Fig. 2, whereas the delay between shooting of the 
laser and motion of the galvanometers could generate irregular 
profiles during laser ablation, which requires optimization of 
operating parameters. After the optimization is finished, any 2D 
or 2.5D structures, other than circular holes, could be produced 
easily.   
Steel, Ti-6Al-4V, and SiC/SiC were investigated in this 
section, and the results are shown in Figs. 5 to 7. Laser 
(b) (a)  
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power of 1.0 W, and repetition rate of 100 kHz. Fig. 5 shows a 
through hole drilled in a steel plate with a thickness of 850 µm. 
The roundness of the hole was quite good. The diameter of the 
hole entrance was 600 µm, and that of the exit was 490 µm. 
The taper angle was less than 4 degrees, which reveals the 
conicity was very small. 
Titanium alloys are extensively used in the aerospace, 
biomedical industries and many corrosive environments 
[17,18], due to their excellent properties, such as high strength-
weight ratio, high temperature strength and exceptional 
corrosion resistance. However, they are difficult to machine by 
conventional methods or even electrical discharge machining 
[13] owing to their inherent properties, while this problem does 
not exist for laser micromachining. Fig. 6 shows a 200-µm hole 
trepanned in a most common titanium alloy Ti-6Al-4V, with a 
depth of 15 µm. The sidewall was straight and the bottom was 
fairly flat. Moreover, there was no white layer and microcracks 
inside.   
 
  (b) (a) 
 
Fig. 5. Through hole trepanned in a 850-µm steel plate. (a) 
Entrance side (hole diameter: 600 µm); (b) exit side (hole 
diameter: 490 µm).  
           
  
 (b) (a) 
 
Fig. 6. 3D (a) and 2D (b) profiles of the hole trepanned on Ti-
6Al-4V sample. The diameter of the hole is 200 µm with a 
depth of 15 µm.  
 
Several blind holes of different depths were also trepanned 
on SiC/SiC. Due to its high surface roughness, it was difficult 
to use the surface profilometer to get its profile. Therefore, the 3 Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
DownloSEM was utilized to examine the structure. The results shown 
in Fig. 7 demonstrate the directionality of the fibers was well 
preserved on the machined walls as well as on the bottoms after 
laser ablation, while the holes were of good circularity. 
     
 
Fig. 7. Blind holes drilled on SiC/SiC. Hole diameter: 1 mm; 
depth: 300 µm (a); 800 µm (b). 
Microstructure machining 
Adequate fabrication methods for microstructures are 
gaining the importance, because of wide applications ranging 
from automotive and medical devices to industrial, chemical as 
well as consumer products [19,20]. Compared to electrical 
discharge machining or electro-chemical machining, pulsed 
laser radiation is a more powerful tool for microstructure 
machining [2,21]. It is demonstrated in this study 
microstructures can be easily and speedily produced by using 
the trepanning system, with the same laser parameters as 
trepanning drilling. One method is to convert the 2D picture of 
interest into the format that the scanner software can recognize, 
and the other one is to apply digital control via programming 
languages.  
The former method is more feasible for complex features. 
Fig. 8 shows a micro accelerometer pattern (courtesy of EDM 
Group of the University of Cambridge) machined on a steel 
plate by the laser, which took less than half a second. Despite 
the complexity of the pattern, each microfeature was machined 
accurately according to the prescribed geometric features. Even 
though the distance between some cutting trajectories was very 
small, no two parallel trajectories intersected with each other. 
After one template was obtained, patterns with different 
dimensions could be produced easily, with an adjustment of the 
scale factor. 
For machining microfeatures with precise shapes and 
dimensions, the second method is applied. A conventional 
CAD/CAM software CATIA is used to generate G-codes which 
are then post-processed into the format that the controlling 
program can understand. Fig. 9 shows a hole-array and a pin-
array machined on Ti-6Al-4V material by the ps laser at 100 
kHz. The relative orientation between the holes (pins) was 
exact as designed. Every hole (pin) had a good cylindricity and 
a sharp edge. In addition, there were no microcracks or recast 
layers on the sidewalls.  
(b) (a)  




 (b) (a)  
 
Fig. 8. Patterns of a micro-accelerometer: (a) Dimension of 5 
mm × 5 mm, cycle time of 0.374 seconds; (b) dimension of 








Fig. 9. (a) Hole-array (diameter of each hole: 175 µm; depth: 
75 µm); (b) pin-array (diameter of each pin: 250 µm, depth: 
100 µm).  
LASER ABLATION RATE 
The ablation rate of metals by ps laser is studied through 
experiments and modeling in this section. For the experiments, 
laser percussion drilling was performed on Cu with 1064-nm 
wavelength, under the repetition rates of 100 kHz, 50 kHz, and 
10 kHz. The ablation depths of the laser drilled holes were 
measured using the surface profilometer, and the ablation 
volumes were calculated based on the three-dimensional 
profiles obtained from this surface profilometer. For the 
modeling, a simplified two-temperature model (TTM) [14] is 
used because it is easy to apply and predicts ablation depth of 
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Downlometals with a reasonable accurateness, rather than some other 
numerical models based on hydrodynamics [22-25] or 
molecular dynamics [26-29].  
Laser-metal interaction model 
Main features of this simplified model, instead of the 
detailed description [14], are discussed in this section. It is 
suggested in [23,26] that the critical point phase separation 
(CPPS) is the dominant physical mechanism for material 
removal during ultrashort laser ablation of metals at high 
fluences (around 0.6-1J/cm2). Ref. [23] illustrates, during this 
process, the material density does not change dramatically 
before it reaches the maximum temperature since the material 
cells are heated up very rapidly, and then the density will 
decrease approximately following the adiabat for perfect gases. 
The mass above the material cells whose expansion trajectories 
enter the unstable zone near the critical point will be ablated, 
while mass below it will condense back onto the target. 
Therefore, the depth of the material cell whose maximum 
temperature is equal to the separation temperature can be taken 
as the ablation depth, and the cell is the separation point. The 








=                      (1)  
where ρ0, ρc, and Tc are the normal density, critical density, and 
critical temperature, respectively.  
The location of the separation point is found by heat 
diffusion equations. During the laser ablation process, the laser 
energy is first absorbed by free electrons in the metal, and then 
the energy is transferred to the lattice owing to the electron-
phonon coupling. Before the electrons and the lattice reaching a 
thermal equilibrium, the heat diffusion process could be 
described by TTM [24,30]: 
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where Te, Ti, Ce and Ci are the temperatures and the volumetric 
heat capacities of the electrons and the lattice, respectively, ke is 
the electron thermal conductivity, G is the electron-phonon 
coupling factor, and S is the laser energy source term. It should 
be noted the material temperature mentioned in this study is the 
lattice temperature Ti.   
The auxiliary equations needed to solve the equations (2) 
and (3) are given by equations (4) and (5): 
ετ/eCG =                              (4)   
where τε is the mean energy exchange time for the electrons 
and the lattice, i.e., the electron relaxation time.  
)exp()1( zIRS αα −−=                    (5)   
where R is the surface reflectivity, α is the absorption 
coefficient, and I is the laser power density reaching the target 
surface.  
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The heat capacities of electrons (Ce) and the lattice (Ci) are 
calculated at the normal density of metals from the well-known 
QEOS model [31] following Refs. [23,24]. This model assumes 
that electron free energy, ion free energy, and the correction for 
chemical bonding effects are additive to sufficient accuracy to 
express the Helmholtz free energy [31]. Electronic properties 
are obtained from a modified Thomas-Fermi statistical model, 
while ionic properties are calculated by the Cowan model. To 
get the correction term for chemical bonding effects in the solid 
state, bulk modulus (B) is set to be the experimental value and 
the total pressure is zero for the initial cold solid.   
Regarding the transport properties, such as thermal and 
electrical conductivities (ke and σ) as well as the electron 
relaxation time (τε), a model developed by Lee and More [32] 
is applied. The surface reflectivity (R) and the absorption 
coefficient (α) are calculated based on the Drude theory 
[23,33,34].   
This laser-metal interaction model is highly self-consistent, 
and all the required material constants for the calculation are 
atomic number (N), atomic weight (A), normal density (ρ0), 
bulk modulus (B), critical temperature (Tc) and critical density 
(ρc), as listed for Cu in Table 1. 
 
Table 1. Material constants used for the ablation rate 
calculation of Cu. The values of Tc and ρc are taken from [35], 
and all other values are taken from [17]. 
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Figure 10 shows the evolvement of material temperature 
during the laser ablation and a long time after it. A local high 
temperature zone is created near the material surface. The 
ablation depth is calculated to be 51.3 nm under the laser 
fluence of 2 J/cm2, while the high temperature zone above the 
melting temperature of Cu (Tm = 1357.77 K) is limited to a 
region within 1 μm in the axial direction, which offers a high 
quality for the feature being machined. It should be noted that 
the size of the simulation domain is 10 μm, and the bottom of 
the domain is applied with the adiabatic boundary conditions. 
The bottom temperature remains at 300 K (the initial 
temperature) after a thorough heat penetration into the material, 
so this simulation domain lends itself to be a semi-infinite 
region and no size effect needs to be considered. 
 




Fig. 10. The evolvement of material temperature for one-pulse 
laser ablation on Cu. The laser beam shoots at the left surface 
of the material. Laser pulse duration: 10 ps, wavelength: 1064 
nm, fluence: 2 J/cm2.  
Experimental and simulation results for Cu 
For the experiments, the drilled holes were not perfectly 
axial-symmetric, and thus the measured maximum ablation 
depths varied in repeated experiments. Therefore, the 
maximum ablation depth is less capable of representing the 
ablation rate, and it is necessary to find a more effective 
measure for the ablation rate. In this study, the ablation volume 
per pulse is used as an index of the ablation rate, because the 
variation of ablation volumes was relatively small in repeated 
experiments, as shown in curves with error bars in Figs. 11 – 
13. For the simulation, the ablation depth of the hole is 
calculated from the one-dimensional model discussed above, 
while the hole diameter is approximated to be that of the focus 




Fig. 11. The variation of ablation rate with laser fluence for Cu. 
Laser pulse duration: 10 ps, wavelength: 1064 nm, repetition 
rate: 100 kHz.  
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Fig. 12. The variation of ablation rate with laser fluence for Cu. 
Laser pulse duration: 10 ps, wavelength: 1064 nm, repetition 




Fig. 13. The variation of ablation rate with laser fluence for Cu. 
Laser pulse duration: 10 ps, wavelength: 1064 nm, repetition 
rate: 10 kHz. 
 
Figures 11 – 13 show the comparison of the experimental 
and simulation results on the laser ablation rates of Cu under 
repetition rates of 100 kHz, 50 kHz and 10 kHz. In Fig. 11, the 
laser repetition rate is 100 kHz, and most simulation data are 
close to the experimental results. However, the occurrence of 
ablation shows a delay behavior in terms of the laser fluence 
for the lower repetition rates. As shown in Figs. 12 and 13, 
differences between the simulation data and the experimental 
data are a little larger for the cases of 50 kHz and 10 kHz. The 
lower limit of ablation threshold is 0.5 J/cm2 at repetition rates 
of 100 kHz and 50 kHz, while it becomes 1 J/cm2 at 10 kHz.  
This delay behavior is resulted from the longer pulse-to-pulse 
separation time at lower repetition rates. However, the overall 6 Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Downloaagreement is good, and the model predicts the correlation 
between ablation rate and laser fluence correctly. 
The variations of ablation rates with laser fluence under 
different repetition rates are compared in Fig. 14. The ablation 
rates, in terms of ablation volumes per pulse, are similar for 
repetition rates of 100 kHz, 50 kHz, and 10 kHz at a same 
fluence; however, the ablation volumes per second increase 
significantly with the repetition rate. For example, the ablation 
volume per second is 4.46 × 105 µm3 at 100 kHz with a laser 
fluence of 2 J/cm2, 15.5 times as large as that at 10 kHz which 
is 0.287 × 105 µm3. Therefore, a conclusion can be reached that 
higher repetition rate offers higher machining speed for a fixed 
laser fluence, which is true not only for microhole drilling but 







Fig. 14. The variation of ablation rate for Cu with laser fluence 
under repetition rates from 10 kHz to 100 kHz. (a) Ablation 
volume per pulse; (b) ablation volume per second. Laser pulse 
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Ps laser micromachining is an advanced and promising 
technology, the advantages of which have been demonstrated in 
this paper, through microhole-drilling and microstructure-
machining at 532-nm and 1064-nm wavelengths. The 
microholes drilled by both of percussion drilling and 
trepanning drilling were of good circularity. Moreover, no 
thermal damaged zones, resolidification layers, or microcracks 
were found on the holes drilled. Also, complicated 2D or 2.5D 
micropatterns and microstructures could be machined by the ps 
laser at a high scanning speed with excellent accuracy. 
Therefore, in this paper, it is experimentally validated that ps 
laser ablation with appropriate laser parameters can perform 
precise material processing at comparable level to fs laser 
ablation. 
The ablation rate during laser-metal interaction is 
calculated by a simplified model based on QEOS for material 
properties as well as TTM heat diffusion equations, and good 
agreements have been obtained with the experimental results. 
Experimental results under different repetition rates 
demonstrate that laser micromachining with a high repetition 
rate provides enhanced material removal rate. 
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